Dietary supplementation with pomegranate juice improves isometric strength recovery after unaccustomed eccentric exercise. The purpose of this study was to determine if there is a dose response effect of pomegranate juice supplementation after eccentric exercise isometric strength recovery. Forty-five nonresistance trained, recreationally active men were assigned once-daily pomegranate juice, twice-daily pomegranate juice, or placebo supplementation. On day four of supplementation, 20 min of downhill running and 40 maximal eccentric elbow flexion repetitions were performed. Isometric knee extensor and elbow flexor strength, muscular soreness, and serum myoglobin concentrations were measured prior to exercise and 2, 24, 48, 72, and 96 h after exercise. Throughout the postexercise time period, while isometric knee extensor and elbow flexor strength were similar between once-daily and twice-daily pomegranate juice supplementation groups, isometric strength was significantly higher in pomegranate juice groups than placebo. Knee extensor soreness, elbow flexor soreness, and myoglobin increased in response to exercise but were similar between groups. It is apparent that pomegranate juice supplementation improves strength recovery in leg and arm muscles following eccentric exercise; however, no dose response effect was present. We conclude that once-daily pomegranate juice supplementation is not different from twice-daily supplementation in regards to strength recovery after eccentric exercise.
Introduction
The performance of an acute bout of unaccustomed eccentric exercise results in immediate muscle damage and reductions in maximal strength of the exercising muscles [1] . During the 24-48-hour time period after eccentric exercise, muscular soreness peaks, after which soreness begins to return to baseline values [2] . However, maximal strength remains lower than baseline for several days [3] . This condition, delayed onset muscle soreness (DOMS), occurs in individuals who are unaccustomed to performing a high volume or intensity of eccentric contractions, but it can also occur in resistance trained individuals [4] .
A goal of numerous studies has been to identify dietary supplements that accelerate recovery from a bout of intense eccentric exercise [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Antioxidant and nonsteroidal antiinflammatory drugs (NSAIDs) have a negligible effect on strength recovery [5] [6] [7] [8] [9] [10] [11] [12] [13] . On the contrary, NSAID [10] and vitamin C [14, 15] supplementation have been shown to alleviate muscle soreness. Dietary supplementation with polyphenols, a class of antioxidant and anti-inflammatory phytonutrients [21] , has been demonstrated to improve muscular strength recovery after eccentric exercise in humans [4, [16] [17] [18] [19] [20] .
The pomegranate fruit contains an abundance of polyphenols [21] . Pomegranate juice supplementation elicits an ergogenic effect in both untrained and, to a lesser extent, resistance trained individuals after eccentric exercise [4, 19] . In these studies, participants consumed twice-daily pomegranate supplementation, corresponding to a daily polyphenol supplementation dose of 1,300 mg gallic acid equivalents (GAE) and displayed an accelerated recovery of isometric strength with the polyphenol supplementation compared to placebo.
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The purpose of this study was to determine if there is a dose response effect of pomegranate polyphenol supplementation on muscular strength recovery following a bout of combined upper and lower body eccentric exercise in nonresistance trained, recreationally active participants. The doses of pomegranate polyphenol supplementation provided in the present study were 1,300 mg or 650 mg GAE/d and correspond to the same or half the dose used in previous pomegranate supplementation studies, respectively [4, 19] . The present study employed nonresistance trained, recreationally active individuals because they have previously been shown to display a robust ergogenic effect to 1,300 mg GAE/d.
Methods

Participants.
Forty-five healthy, nonsmoking, nonresistance trained, recreationally active young men (22.3 ± 4.1 years, 73.8 ± 11.5 kg, 174.9 ± 6.2 cm) were recruited to participate in this study. Participants provided written informed consent to participate in the experimental protocol approved by the university Institutional Review Board. Prior to entrance into the study, participants completed a health history questionnaire and indicated no history of orthopedic injury and had not participated in any resistance training exercise, distance running, or activity that resulted in muscle soreness in the previous six months. Additional exclusion criteria were hypertension, kidney dysfunction, active weight loss >5 kg in the prior three months, lipid-lowering drugs, or selective serotonin reuptake inhibitors.
Study Design.
This was a double-blind, randomized, placebo-controlled study with one testing period lasting eight days ( Figure 1 ). One week prior to and throughout the experimental protocol participants discontinued all antiinflammatory, antioxidant, and multivitamin supplements. Additionally, participants completed a 3-day familiarization period to practice isometric strength tests to ensure that each participant was comfortable and able to generate maximal isometric strength. After familiarization, participants were randomized into one of three supplementation groups: (1) once-daily (650 mg GAE/d; 1x) serving of pomegranate juice concentrate (PJC), (2) twice-daily (1,300 mg GAE/d; 2x) PJC, or (3) placebo (0 mg GAE/d; PLA). Eccentric exercise was performed on day four of the 8-day supplementation period with baseline collection of blood, soreness, and strength data made prior to exercise and repeated 2, 24, 48, 72, and 96 h after exercise. On all subsequent visits participants reported to the laboratory in a similar postprandial state and were instructed to avoid caffeine consumption.
Dietary Supplementation.
Supplements were consumed twice-daily at 12-hour intervals. In the 1x treatment participants consumed PJC in the morning and PLA in the evening, in the 2x treatment they consumed PJC in both morning and evening, and in the PLA group they consumed PLA in both morning and evening. Supplement drinks were provided as a concentrate stored in 500 mL bottles using the Wonderful variety pomegranates grown in California (POM Wonderful Inc., LLP; Los Angeles, CA). Participants diluted 30 mL servings of POM or PLA with water and consumed the drinks in one sitting. Each PJC serving contained 650 mg GAE/serving of pomegranate polyphenols consisting of 95.5% ellagitannins, 3.5% ellagic acid, and 1% anthocyanins. Both PJC and PLA contained 24 grams of carbohydrate/serving with additional coloring and flavoring used to blind the treatments. Participants were reminded verbally and through e-mail communication to consume the experimental supplements at the required times.
Eccentric Exercise.
Eccentric exercise included 20 min of downhill running followed by 40 repetitions of bilateral isotonic eccentric contractions of the elbow flexors. Ten sets of downhill running (2 min per set) were performed outdoors on the concrete pedestrian ramps of Darrell K. Royal-Texas Memorial Stadium. The total downhill running distance was 4 km at a −10% grade. A member of the research team accompanied each subject to record the time taken to perform each set and help maintain a predetermined velocity of ∼200 m/min. At the end of each set, lasting approximately 2 min (400 m), an elevator was used to take the participant back to the top floor to perform the subsequent set, until 10 sets were completed.
After the final set of downhill running, 40 repetitions of bilateral isotonic eccentric contractions of the elbow flexors were performed on a preacher curl bench. A member of the research team placed an EZ curl barbell in the participant's hands with the elbow at 130 ∘ of elbow flexion and the participant slowly lowered the barbell until reaching 0 ∘ of elbow flexion. Each repetition was 5 seconds in length and repeated 40 times with 20 seconds rest between repetitions. The weight used corresponded to each participant's concentric 1-repetition maximum (1-RM). 1-RM measurement was performed on the same day as eccentric exercise by having participants perform one bilateral concentric elbow flexion repetition with a weight corresponding to approximately 80% of their maximal isometric elbow flexor strength. If successful, the weight was increased until a repetition could not be performed.
Isometric Strength.
Isometric knee extensor strength measurement was performed bilaterally using a modified knee extension apparatus with participants secured by waist and shoulder straps. Strength was recorded using a load cell (LC101-500, Omega Engineering, Stamford, CT) secured to the base of the apparatus with a galvanized steel cable secured to the lower legs of the participant. Each participant performed three trials at 65 ∘ knee flexion with 2 min rest between trials.
Isometric elbow flexor strength measurement was performed bilaterally while seated on a modified preacher bench. Strength was recorded using a load cell (LC101-500, Omega Engineering, Stamford, CT) secured to the ground using a galvanized steel cable and a "curl" bar that was held in the participant's hands. Each participant performed three trials at 45 ∘ elbow flexion with 2 min rest between trials. Isometric strength was obtained from the peak value of three trials 2.6. Muscle Soreness. Soreness of the knee extensor and elbow flexor muscles was determined by having participants rate the degree of soreness using a visual analog scale of 0 to 10, with 0 described as "no soreness" and 10 described as "unbearable soreness. " Soreness obtained while performing one repetition of unloaded elbow flexion and an unloaded squat to a predetermined depth.
Blood Collection and Analysis.
Blood was collected from the antecubital vein into vacuum-sealed tubes (Vacutainer, Franklin Lakes, NJ) and allowed to clot. After which, serum tubes were centrifuged at 1,500 ×g for 10 min at 4 ∘ C, allocated into several microcentrifuge collection tubes, and stored at −80 ∘ C. Serum was analyzed for myoglobin using a commercially available assay kit (Oxis International, Foster City, CA). Samples were centrifuged at 17,000 ×g for 5 min at 4 ∘ C before analysis.
Myoglobin.
Myoglobin concentration was measured in duplicate using the enzyme-linked immunosorbent method. Samples were allocated into antibody-coated wells that bind myoglobin, after which, a secondary antibody is added, which binds to the myoglobin, which contains an enzyme subunit generating a color change when the final photosensitive chemicals are added. The assay is measured using a spectrophotometer plate reader at 450 nm.
Statistical Analyses.
Data were analyzed with a twoway ANOVA for treatment, time, and treatment × time interactions. Significance was assessed at alpha level <0.05. All analyses were performed using SPSS software (Chicago, IL). Values were reported as Mean ± SD.
Results
There was no difference in downhill running velocity between 1x, 2x, and PLA (204 ± 4, 205 ± 5, 207 ± 4 m/min, resp.;
> 0.05). When averaged throughout the postexercise time period, there were significant differences in isometric knee extensor strength between 1x, 2x, and PLA (treatment effect, 93.9 ± 6.1, 91.6 ± 5.6, 87.1 ± 7.9% of baseline, resp.; < 0.05). Both 1x and 2x PJC treatments resulted in significantly higher isometric knee extensor strength than PLA ( < 0.05) ( Figure 2 ). There was a significant time effect for isometric knee extensor strength ( < 0.05), in which strength was lower than baseline at each time point after eccentric exercise. There was no significant interaction effect for isometric knee extensor strength ( > 0.05) nor were there any significant interaction effects for any measured variable in the present study. Soreness of knee extensor muscles was not different between 1x, 2x, and PLA in the postexercise time period (2.3 ± 1.3, 2.3 ± 1.1, 2.3 ± 1.4, resp.; > 0.05). There was a significant time effect for knee extensor soreness ( < 0.05), peaking 24-48 h after eccentric exercise (Figure 3 ).
All participants completed 40 repetitions of eccentric elbow flexion. There was no difference in elbow flexor concentric 1-RM strength between 1x, 2x, and PLA (32 ± 8, 31±8, 31±7 kg, resp.; > 0.05). Throughout the postexercise time period, there were significant differences in isometric elbow flexor strength between 1x, 2x, and PLA (treatment effect, 83.6±10.4, 85.6±7.2, 78.4±6.7% of baseline, resp.; < 0.05). Both 1x and 2x PJC treatments resulted in significantly higher isometric elbow flexor strength than PLA ( < 0.05) (Figure 4 ). There was a significant time effect for isometric elbow flexor strength ( < 0.05), in which strength was lower than baseline at each time point after eccentric exercise. Soreness of elbow flexor muscles was not different between 1x, 2x, and PLA in the postexercise time period (3.0±1.5, 2.9±1.1, 2.9 ± 1.2, resp.; > 0.05). There was a significant time effect for elbow flexor soreness ( < 0.05), peaking 24-48 h after eccentric exercise ( Figure 5 ).
There was no difference in myoglobin between 1x, 2x, and PLA in the postexercise time period (79 ± 56, 53 ± 27, 56 ± 22 ng/mL, resp.; > 0.05) ( Figure 6 ). There was a significant time effect for myoglobin ( < 0.05), peaking 2 h after eccentric exercise ( Figure 6 ). Myoglobin data are reported after removal of outliers, which reduced sample size to = 39. Outliers were defined as individuals that exhibited values four times the group mean at any time point.
Discussion
The primary finding of this study was that in nonresistance trained, recreationally active men, both 1x and 2x PJC supplementation resulted in significantly higher knee extensor and elbow flexor isometric strength throughout the postexercise time period, as compared with PLA. To the best of our knowledge, this is the first study to show an ergogenic effect of pomegranate polyphenol supplementation at a dosage of 650 mg GAE/d. Thus, these data indicate that isometric strength recovery after eccentric exercise was not different when taking 1,300 mg GAE/d (2x) or 650 mg GAE/d (1x), but that with both doses isometric strength was significantly greater than PLA. Several studies have investigated the effects of polyphenol supplementation on isometric strength and muscle soreness following a bout of high intensity eccentric exercise [4, 19] , resistance exercise [16] , and long distance running [18, 20] . In these studies, participants had been provided twice-daily polyphenol supplementation (∼1,200-1,300 mg GAE/d) and were shown to elicit an ergogenic effect. However, it was not known whether a lower daily dosage of polyphenols would be able to elicit an ergogenic effect. Therefore, the primary purpose of this study was to investigate a dose response effect of polyphenol supplementation by comparing a lower daily dosage of pomegranate polyphenol supplementation (650 mg GAE/d) with the same dosage used in previous studies (1,300 mg GAE/d) [4, 19] . While we were unable to show a dose response effect, it appeared that a lower polyphenol dose of 650 mg GAE/d was sufficient to improve strength recovery after eccentric exercise. Moreover, there were no statistical differences in isometric upper or lower body strength between the PJC supplementation groups (650 mg GAE/d versus 1,300 mg GAE/d). Thus, we were able to demonstrate a similar ergogenic effect using a daily polyphenol dosage that was approximately half the dosage used in previous studies.
In the hours after a bout of unaccustomed eccentric exercise, muscular strength remains decreased [22, 23] . Indeed, in the present study, two hours after eccentric exercise there were significant reductions in isometric strength of elbow flexor and knee extensor muscles (25% and 12%, resp.), as well as increased serum myoglobin concentration, a blood marker of muscle damage. Although neither PJC treatment attenuated the rise in myoglobin in the days after exercise, it should be noted that while myoglobin is a classic blood marker of muscle damage, it correlates poorly with muscle function and cannot be used as a precise marker to quantify muscle damage [24] . On the contrary, isometric strength decrement has been shown to be an accurate noninvasive marker of muscle damage, as strength decrement is proportionate to the amount of muscle damage [25] . At no point during the 96-hour postexercise time period did isometric strength recover to baseline values. This is not surprising, as it is well established that maximal strength can remain lower than baseline for weeks after a bout of unaccustomed eccentric exercise [3] . Although isometric knee extensor or elbow flexor strength of either PJC supplementation group never returned to baseline, strength was significantly higher in both 1x and 2x PJC groups than PLA during the postexercise time period. These results indicate that muscle damage, while similar in the immediate hours after exercise, may have been recovered to a greater extent in the PJC supplementation groups in the days following eccentric exercise.
In addition to decreased muscular strength, there are increased oxidative stress and inflammation at the site of muscle damage immediately following a bout of unaccustomed eccentric exercise [26] . Pomegranate polyphenols contain an abundance of antioxidant and anti-inflammatory properties [21] ; thus, a potential mechanism for the improved strength recovery observed in PJC supplementation groups may be due to attenuated oxidative stress or inflammation at some point during the postexercise time period. However, it must be stated that this may not be the case, as studies that have investigated the effects of antioxidant or antiinflammatory supplementation on strength recovery after eccentric exercise have demonstrated equivocal findings [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Indeed, some studies have shown a beneficial effect of antioxidant supplementation at lower dosages [11, 12] , while, at higher dosages, others have shown no effect [7] or detrimental effects [9] . Thus, it is unclear if attenuating postexercise oxidative stress or inflammation is a viable mechanism for the improvements in isometric strength observed in the present study.
Strength recovery after a bout of strenuous exercise that results in reduced strength is of paramount importance to athletes, particularly those whose performance relies on optimal strength. The present findings indicate that recovery of muscular strength after a bout of upper and lower body eccentric exercise was greater in those who consumed PJC supplementation. Although participants in the present study were nonresistance trained, recreationally active men, pomegranate supplementation has also been shown to be effective in resistance trained athletes [4] . It is plausible that improved recovery could allow for higher performance in subsequent exercise bouts, leading to an accelerated accrual of training adaptations over time. However, it is unknown if pomegranate supplementation during periods of chronic training would have ergogenic effects on exercise training adaptations.
In conclusion, 1x (650 mg GAE/d) and 2x (1,300 mg GAE/d) PJC supplementation resulted in significantly higher isometric knee extensor and elbow flexor strength throughout the 96-hour time period after eccentric exercise compared to PLA. Furthermore, there was not a significant difference between the 1x and 2x doses of the PJC supplements. Therefore, to receive the benefits of pomegranate juice supplementation on strength recovery in both the arms and legs following bouts of eccentric exercise that will result in DOMS, only half the dosage (1x or 650 mg GAE/d) used in previous studies [4, 16, [18] [19] [20] (2x or 1,300 mg GAE/d) may be required.
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